INTRODUCTION
Metal ions play an essential role as trace elements in many biological systems; current estimates indicate that over half of all proteins are metalloproteins, containing metal ions either as a structural component or as a catalytic co-factor (Degtyarenko, 2000) . However, at higher concentrations heavy metal ions form aspecific complexes in the cell, leading to toxic effects. Some heavy metal cations, like Hg 2+ , Cd 2+ and Ag + , form strong toxic complexes, which makes them unsuitable for physiological function. Also, essential trace elements like Zn 2+ or Ni 2+ , and especially Cu 2+ , are toxic at elevated concentrations (Nies, 1999) .
Both eukaryotes and prokaryotes have evolved several mechanisms that prevent the cell from being intoxicated by these metals. These homeostasis mechanisms include (i) sequestering of metals by metallothioneins (Blindauer et al., 2002; Camakaris et al., 1999) , (ii) the efflux of metals by P-type cation-transporting ATPases (CTAs) (Lutsenko & Kaplan, 1996) , and (iii) trafficking of metal ions by metallochaperones (Harrison et al., 2000; Rosenzweig, 2002) .
Metal homeostasis has been well studied in bacteria and eukaryotes. In humans, several diseases have been linked to an impaired metal balance, like the Menkes and Wilson's copper storage diseases (Mercer, 2001) . In bacteria, several regulatory mechanisms have been identified that ensure a tight regulation of the expression of genes encoding metal homeostasis components. These mechanisms include twocomponent regulatory systems and metalloregulators. In general, the latter class of proteins comprise a DNA-binding domain and a metal-sensing domain. Examples of bacterial families of metalloregulators are the SmtB/ArsR transcriptional repressors (Busenlehner et al., 2003) , the DtxR/MntR family (Guedon & Helmann, 2003) and the MerR family (Brown et al., 2003) . These metalloregulatory proteins have been found to display distinct metal selectivity profiles, generating a metal-specific transcriptional response (Busenlehner et al., 2003; Cavet et al., 2003; Guedon & Helmann, 2003) . Despite the fact that several archaeal species are able to thrive in environments that contain extremely high metal concentrations (Edwards et al., 2000) , information about heavy metal resistance in these organisms is rather limited (Baker-Austin et al., 2005; Dixit et al., 2004; Mana-Capelli et al., 2003; Schelert et al., 2004) .
The basal transcription machinery of archaea resembles that of eukaryotes. However, their transcriptional regulatory mechanisms appear to be different. Although a few homologues of eukaryote-like regulators are encoded by archaeal genomes, many potential bacterial-type transcriptional regulators have been identified (Aravind & Koonin, 1999) . Apparently, control of the eukaryotic-like transcription machinery in archaea mainly proceeds via bacterial-like regulators. Several studies have revealed that most of these archaeal transcriptional regulators act as repressors of transcription (see Bell, 2005 , and references therein).
Remarkably, recent studies have also provided evidence of positive control by these regulators (Brinkman et al., 2002; Ouhammouch et al., 2003) . In addition to bacterial-like regulators, archaea appear to contain archaea-specific regulators (Gregor & Pfeifer, 2001; Hochheimer et al., 1999) .
Recently, we have identified a conserved archaeal gene cluster that comprises a potential copper resistance (cop) gene cluster . Besides an archaea-specific transcription regulator (copT), the cluster consists of genes encoding a putative metallochaperone (copM) and a P-type cation-transporting ATPase (copA). Interestingly, the CopT, CopM and CopA proteins encoded by the cop gene cluster contain a conserved cysteine signature (TRASH domain), implied to play a prominent role in archaeal metal resistance . In the present study we have investigated the cop gene cluster of the thermoacidophilic crenarchaeon Sulfolobus solfataricus to elucidate its molecular function. The genes encoding CopM and CopA were found to be specifically induced upon exposure to copper and, to a lesser extent, upon exposure to cadmium. Furthermore, recombinantly produced CopT protein was found to bind the promoter region of the copMA operon in a copperdependent manner, indicating that CopT is a novel-type archaeal copper-responsive transcriptional regulator of the cop cluster.
METHODS
Multiple alignment of archaeal CopT homologues. All protein sequences were retrieved from the Entrez database (NCBI). A multiple alignment of archaeal CopT protein sequences was constructed using the CLUSTALX program (Thompson et al., 1994) , followed by manual adjustment for conserved motifs based on BLAST results. Domain analysis of S. solfataricus CopT was performed using SMART (Letunic et al., 2004) . , as well as EDTA were added to an exponentially growing S. solfataricus culture (100 ml culture, OD 600~0 ?3-0?4). The MICs for these compounds were defined as the concentration at which no further growth was observed for a period of 4 h by measuring the optical density at 600 nm.
RNA isolation from S. solfataricus and primer extension analysis. S. solfataricus total RNA was isolated from mid-exponentialphase cultures (OD 600~0 ?5), grown as indicated, using the RNeasy kit (Qiagen). A sample (50 ml) of culture was washed in 1 ml medium and resuspended in 100 ml TE (10 mM Tris/HCl, 1 mM EDTA, pH 8?0). After the addition of 5 ml 10 % Triton X-100, the RNA was further purified according to the manufacturer's instructions, except that genomic DNA was sheared through a 0?45 mm needle before the sample was applied to a spin column. Columns were eluted twice with 50 ml water. For the determination of the transcription start sites of copT and the copMA messenger, primer extension analysis was performed using the following radiolabelled antisense oligonucleotides: BG1131 (59-GTGCTCCTACTGATATTAAGCC-39) for copT and BG1130 (59-CATGTTGCACAATGCATCCC-39) for copMA. These primers were end-labelled using T4 kinase (Invitrogen) and radioactive [c-
32
P]ATP (Amersham Biosciences), according to the manufacturer's instructions. For determination of copT and copMA expression levels upon addition of various metal salts (see Fig. 4a and b) , the same oligonucleotides were used. As an internal control for RNA levels, an antisense oligonucleotide for the gad gene (BG2046, 59-CAGATAT-AACTCTTAGTGTGGGTAC-39) was used. The gad gene encodes glycolytic gluconate dehydratase (Ahmed et al., 2005) and its expression is expected to be unaffected by the addition of metal salts.
For the primer extension reaction, 10 mg total RNA and 2?5 ng radiolabelled oligonucleotide were resuspended in 26 AMV-RT buffer (Promega) in a final volume of 25 ml. Samples were heated to 70 uC for 10 min and slowly cooled to room temperature. MgCl 2 , dNTPs, RNasin and AMV-RT (Promega) were added to concentrations of 5 mM, 0?4 mM, 0?8 units ml 21 and 0?4 units ml 21 , respectively, in a final volume of 50 ml. The samples were incubated at 42 uC for 30 min, extracted with phenol/chloroform, precipitated with ethanol and resuspended in formamide loading buffer. The primer extension products were analysed on an 8 % denaturing sequencing gel along with a sequence ladder that was generated using the same radiolabelled oligonucleotides. After drying, the gels were exposed to a phosphor screen (Amersham Biosciences) and analysed using a molecular imager (Storm 860; Molecular Dynamics). Primer extension products were quantified using ImageQuant software (Molecular Dynamics).
Recombinant production and purification of CopT and LrpA.
The copT gene was PCR-amplified from S. solfataricus genomic DNA using the primers BG864 (59-CGCGCCATGGAAAAGTTGA-CAGATTTAGAGTTTAG-39) and BG865 (59-CGCGCGGATCCT-AATGTAAGTGCAAGCCATTGTTG -39), which contain NcoI and BamHI restriction sites, respectively (underlined). The generated PCR fragment was cloned into NcoI/BamHI-digested pET24d expression vector (Novagen), resulting in pWUR59. The sequence of the cloned copT gene was verified by dideoxy sequencing and was subsequently transformed into the Escherichia coli expression strain JM109(DE3)-pRIL (Novagen) to produce CopT protein. E. coli cells harbouring pWUR59 were grown at 37 uC in 1 l LB medium to an OD 600 of 0?5, and CopT expression was induced by the addition of IPTG to a final concentration of 0?4 mM. After overnight incubation at 37 uC, the cells were harvested by centrifugation for 10 min at 5000 g. Routinely, a bacterial cell pellet derived from 500 ml expression culture was resuspended in 20 ml buffer P (20 mM Tris/ HCl, pH 7?0, 10 mM DTT) containing one complete mini protease inhibitor cocktail tablet (Roche) and subjected to cell lysis by sonification. After cell lysis, the cleared cell lysate was subjected to heat treatment (30 min at 80 uC) and subsequently centrifuged for 30 min at 16 000 g. Recombinant CopT was then purified to apparent homogeneity by size exclusion chromatography using a Superdex 200 10/300 GL column (Amersham Biosciences), which was preequilibrated with buffer S (20 mM Tris/HCl, pH 7?0, 0?1 M NaCl, 10 mM DTT). Fractions containing pure CopT were pooled and flushed in an anaerobic chamber to remove residual oxygen molecules. Recombinant CopT was stored at 4 uC. Typically, a 500 ml expression culture harvested approximately 5 mg electrophoretically pure CopT.
Recombinant LrpA from Pyrococcus furiosus was produced and purified as described previously (Brinkman et al., 2000) .
Electrophoretic mobility shift assays (EMSA) and DNase I footprinting. DNA probes for EMSA were generated using PCR with the primer pair BG1081 (59-ACTAGTTGGATGGATATTAGG-AATAGC-39) and BG1082 (59-TCTCTTAAAATCTCCAGCGCTC-39) for the copT promoter fragment (P copT , see also Fig. 5b ) and primer pair BG1079 (59-TGCACGCAACAATGGCTTGC-39) and BG1725 (59-GACAATGAGATGAGCAGAAATAG-39) for the copMA promoter fragment (P copMA , see also see Fig. 5b ). Subfragments of the copMA promoter fragment were generated using primer pair BG1770 (59-CAATGGCTTGCACTTACATTA-39) and BG1771 (59-CTTCTGT-AAATTTGTATCTATATA-39) for P copMA -I, primer pair BG1772 (59-GAAAAGGTTCTTTATAATAAAAG-39) and BG1773 (59-CTA-ATTATTGCTTTTATTATAAAG-39) for P copMA -II, and primer pair BG1774 (59-GATAATCGATCCGGTTTGTGG-39) and BG1775 (59-GATTTTTCCCTTATACATTGTC-39) for P copMA -III (also see Fig. 7a ). PCR products were end-labelled using T4 kinase (Invitrogen) and radioactive [c-32 P]ATP (Amersham Biosciences), and purified from a 6 % polyacrylamide gel. Binding reactions were performed in binding buffer B (50 mM Tris/HCl, pH 8?0, 1 mM DTT, 5 % glycerol (w/v), 5 ng poly(dI.dC).poly(dI.dC) ml
21
). CopT and metals, if present, were added to final concentrations as indicated and reactions were incubated at room temperature (P copMA -I, P copMA -II, P copMA -III) or at 50 uC (P copT , P copMA ) for 20 min. The protein-DNA complexes thus obtained were separated on a non-denaturing 12 % (P copMA -I, P copMA -II, P copMA -III) or 6 % (P copT , P copMA ) polyacrylamide gel, buffered in 16 TBE buffer. Gels were then dried, exposed to a phosphor screen (Amersham Biosciences) and analysed using a molecular imager (Storm 860; Molecular Dynamics). EMSA using P. furiosus LrpA was performed as described previously (Brinkman et al., 2000) .
For DNase I footprinting, a P copMA probe was generated using PCR with the oligonucleotides BG1079 and BG1725, by end-labelling one of the two oligonucleotides using T4 kinase (Invitrogen) and radioactive [c-32 P]ATP (Amersham Biosciences). Probes were purified from a 6 % polyacrylamide gel. The binding reactions contained 2?5 ng labelled probe (~50 c.p.s.) and 1 mg CopT, and were performed at 50 uC in a total volume of 50 ml containing 50 mM Tris/HCl, pH 8?0, 25 mM MgCl 2 , 75 mM KCl and 1 mM DTT. After 20 min, the reaction was cooled to 48 uC and 1 ml of a 1 : 50 dilution (approx. 0?6 units) of RNase-free DNase I (Roche) was added. Incubation was then allowed to continue for 1 min. The reaction was terminated by the addition of buffer T (250 ml 10 mM Tris/HCl, pH 8?0, 10 mM EDTA, 750 mM NaCl, 1 % SDS, 0?04 mg glycogen ml 21 ) and the samples were purified using phenol/chloroform extraction and ethanol precipitation. After resuspension in formamide loading buffer, the samples were analysed on a 6 % denaturing polyacrylamide gel along with a sequence ladder that was generated using the same radiolabelled oligonucleotides.
RESULTS

Analysis of the S. solfataricus cop gene cluster
We have previously reported the discovery of a putative archaeal copper (cop) resistance gene cluster . This cop cluster was found to be conserved in several euryarchaeal and crenarchaeal genomes, amongst which is the genome of the aerobic thermoacidophile S. solfataricus (Fig. 1) . In this organism, the cop cluster consists of tandem-orientated genes encoding a putative metallochaperone (copM), a P-type cationtransporting ATPase (copA) and an archaea-specific transcription regulator (copT) (Fig. 1) . The copM and copA genes in S. solfataricus overlap by 32 bp, which strongly suggests that these genes are transcribed as a single messenger. Domain architecture analysis reveals that CopT contains an N-terminal helix-turn-helix (HTH) motif (Fig. 2 ) that resembles the DNA-binding motifs of prokaryotic transcriptional regulators, such as MarR, IclR and Lrp (Brinkman et al., 2003) . The presence of these typical prokaryotic HTH motifs has resulted in the mis-annotation of CopT proteins as being members of the Lrp family of transcriptional regulators. However, CopT proteins lack a C-terminal RAM domain (Ettema et al., 2002) , which is the characteristic ligand-binding domain of Lrp-like proteins (Brinkman et al., 2003) . Instead, the C-terminal part of CopT contains a putative metal-binding TRASH domain , consisting of a conserved cysteine motif that is located within a 30 aa region (Fig. 2) .
Expression of cop genes in S. solfataricus
The cop operon of S. solfataricus consists of the tandemly orientated copT gene and the copMA gene pair (Fig. 1) . To determine the role of the genes of this cluster, the expression of the cop genes was analysed under various conditions. First, the MIC of different metals was determined for S. solfataricus (Table 1) . The obtained MIC values resembled the values reported by Grogan (1989) , except for Cd 2+ and Zn 2+ , which were found to be slightly higher (Table 1) .
To determine the transcription start sites of the copT and copMA transcripts, we separated the obtained primer extension products on a larger gel along with sequence reactions that were performed with the same copT and copMA antisense primers. As shown in Fig. 3(a) , copT transcription is initiated 1 bp upstream of the predicted start codon of the copT gene, whereas transcription of copMA is initiated 2 bp upstream of the predicted copM start codon (Fig. 3b) . We could not detect bands corresponding to a smaller primer extension product (not shown), suggesting that the copM and copA genes are transcribed as a polycistronic mRNA, initiated from a single promoter upstream of copM. Sequence elements matching S. solfataricus consensus TATA boxes and BREs (Bell et al., 1999b) are present upstream of the two mapped transcriptional starts (Fig. 3a, b) . The copMA genes of 'Ferroplasma acidarmanus' (referred to as copZB) have also been shown to be expressed as a polycistronic messenger (Baker-Austin et al., 2005).
To analyse the transcription regulation of the cop operon, different metals were added to an S. solfataricus culture that was growing exponentially in defined medium, at a concentration that was equivalent to the determined MIC value. Subsequently, total RNA was isolated and analysed using primer extension analysis using antisense primers for copT and copMA. As shown in Fig. 4(a) , transcription of copT is constitutive under the tested conditions, whereas transcription of the copMA messenger is induced specifically in the presence of Cu 2+ and Cd 2+ . Under non-induced conditions, copMA appears to be transcribed at a basal level, which decreases when the metal-chelating agent EDTA was added. In contrast, addition of EDTA had no apparent effect on copT expression. It should be noted that addition of 1 mM EDTA immediately abolished growth of S. solfataricus. Induction of copMA transcription by Cu 2+ was further studied by isolation of total RNA from an S. solfataricus culture at different time intervals. Transcription of copMA was significantly induced after 30 min, and the transcript concentration gradually increased during the first 3 h after induction to a level more than 14-fold higher than the basal transcription level (Fig. 4b) . To determine whether basal copMA transcription is due to the small amount of Cu 2+ (0?45 mM) present in the defined medium, copMA transcription was also determined in defined medium from which Cu 2+ was omitted. Although no significant decrease in basal transcription was observed (results not shown), we Fig. 3 . Mapping of the transcription start sites of copT and copMA genes. Primer extension products of copT (a) and copMA (b) were analysed on a sequencing gel along with a sequence ladder. Lanes 1 and 2 contain primer extension products using RNA from CuSO 4 -induced cells and non-induced cells, respectively. The transcriptional start sites of copT and copMA are indicated with an arrow (+1), and presumptive BREs and TATA boxes are indicated by rectangles. were still present in the demineralized water that was used to prepare the defined medium. These results are in good agreement with the recently published study of copper resistance of another archaeon, 'F. acidarmanus' (Baker- Austin et al., 2005) . In this study, a 15-fold induction of the bicistronic copMA transcript (referred to as copZB) was reported upon exposure to elevated levels of copper (5 g CuSO 4 l 21 ), whereas the expression of the copT gene (referred to as copY) was unaffected upon addition of copper (Baker-Austin et al., 2005) . In contrast, expression of the 'F. acidarmanus' copMA genes was not induced upon addition of cadmium, like the copMA genes of S. solfataricus.
We conclude that the genes in the cop regulon in S. solfataricus are most probably involved in the efflux of copper and cadmium, since these metals specifically induce expression of the copMA transcript. As with many transcriptional regulators, copT expression appears to be maintained at a constitutive level under the tested conditions.
CopT specifically targets the copMA promoter
The copT gene was cloned into the pET24d expression vector (Novagen) and functionally overproduced in E. coli. Subsequently, CopT was purified to electrophoretic homogeneity as described in Methods (Fig. 5a ). To prevent undesired protein aggregation, the purified CopT protein was stored under anoxic conditions in the presence of excess amounts of DTT (10 mM). Subsequently, purified CopT was used in EMSAs to determine whether it binds to the mapped copT and copMA promoters (P copT , P copMA ; Fig. 5b ).
CopT was unable to bind to the 200 bp P copT fragment under the tested conditions (Fig. 5c ). This finding is in agreement with the observation that copT expression is constitutive under all tested conditions and suggests that CopT does not autoregulate its own expression. In contrast, transcriptional regulators of well characterized cop regulons of E. coli (CueR) (Outten et al., 2000; Stoyanov et al., 2001) and Enterococcus hirae (CopY) (Strausak & Solioz, 1997) are subjected to autoregulation.
Binding of CopT to a 222 bp DNA fragment containing the copMA promoter was observed (Fig. 5e) . EMSA experiments revealed that after the first CopT-DNA complex (complex 1) was formed, four additional complexes of distinct electrophoretic mobility were formed with increasing CopT concentration (Fig. 5d ). This suggests that multiple CopT-binding sites are present in P copMA .
Cu
2+ modulates the CopT-DNA interaction
Because transcription analysis showed that both Cu 2+ and Cd 2+ induce expression of the copMA operon, we investigated the effect of adding metal ions on the formation of CopT-DNA complexes. Addition of Cu 2+ to the binding reaction was found to reduce the DNA-binding capacity of CopT (Fig. 5d ), whereas addition of copper did not affect the binding of an unrelated archaeal transcriptional regulator (LrpA; Brinkman et al., 2000) to its target promoter (P lrpA ) (Fig. 5e) ; this strongly suggests a specific effect of copper on CopT functionality. Although Cd 2+ induced copMA expression (addition of Cd 2+ only has marginal effects on CopT-DNA complex formation), as reflected by a slight decrease of complex 1, the intensity of complex 5 slightly increased (Fig. 5d) .
To study the effect of Cu 2+ on CopT-DNA complex formation in more detail, EMSA analysis was performed with P copMA and increasing amounts of CopT in either the presence or absence of Cu 2+ (Fig. 5f ). The addition of Cu 2+ to the binding reaction affected CopT-DNA binding in two ways. First, the overall binding affinity decreased, and second, the formation of complex 1 (Fig. 5f ) was completely obliterated. It is proposed that exogenous Cu 2+ binds Fig. 4 . copMA transcript levels accumulate upon exposure to elevated CuSO 4 and CdCl 2 levels. Effect of addition of different metals on expression levels of copT and copMA (a). MICs of EDTA and various metals (see Table 1 ) were added to an exponentially growing S. solfataricus culture. EDTA, 1 mM; CuSO 4 , 5 mM; Ag 2 SO 4 , 8 mM; CdCl 2 , 4 mM; ZnSO 4 , 75 mM. Four hours after addition of EDTA or metals, total RNA was isolated and analysed using primer extension with copT and copMA antisense primers. (b) Induction of copMA transcription by CuSO 4 was further studied at different time intervals (0, 30, 60, 120 and 180 min after addition of 5 mM CuSO 4 ). As an internal control, the gad (encoding S. solfataricus gluconate dehydratase) primer extension product is shown.
to the TRASH domain, to cause an allosteric conformational change in CopT, resulting in an altered DNA-binding mode involving a lower DNA-binding affinity and perhaps different multimerization properties. Consequently, this enables the initiation of transcription of the copMA genes. Together with the observed induction of copMA transcription upon exposure to excess levels of exogenous copper in vivo, it is suggested that CopT is a repressor of copMA transcription and that transcription occurs by copperCopT-mediated derepression.
CopT binds to multiple binding sites at the copMA promoter
To determine the locations where CopT interacts with the copMA promoter, DNase I footprinting was performed (Fig. 6a ). CopT protects P copMA at multiple locations, suggesting the presence of multiple CopT-binding sites (Fig. 6b, c) . However, close examination of the protected regions did not reveal the presence of any type of CopT consensus motif. In addition, extensive searches for putative cop motifs (including palindromic sequences, direct and indirect repeats and other conserved motifs) in the cop gene clusters of other archaeal species (as displayed in Fig. 1 ) did not result in the identification of any conserved motif (T. J. G. Ettema & J. Van der Oost, unpublished results). The absence of such a motif implies either the existence of a very degenerative cop motif or that specific DNA recognition by CopT is accomplished by other, hitherto unknown determinants.
The regions that were protected by CopT in the DNase I footprint assay are located both upstream and downstream of the putative TATA box and BRE sequence, but do not overlap with these elements. This suggests that, potentially, the recruitment of basal transcription factors TFB (transcription factor B) and TBP (TATA-box-binding protein) is not prevented by the presence of CopT on P copMA .
To study differential binding affinity of CopT for binding sites up and downstream of the TATA-BRE region, EMSAs were performed with different subfragments of P copMA (Fig. 7a) . Indeed, CopT bound only to the fragments upstream and downstream of this TATA-BRE region, but not to a 33 bp P copMA fragment that includes the proposed TATA-BRE site (Fig. 7b, fragment II) . This is in agreement with the results from the DNase I footprint assay. Addition of saturating amounts of CopT resulted in two complexes for each promoter fragment (Fig. 7b, fragments I and III) . Addition of exogenous copper to the binding reaction appears to have a more severe effect on CopT binding to fragment III than to fragment I. For fragment III (Fig. 7b,  right panel) , the amount of CopT-bound probe dropped from 88 % (no copper added) to 16 % (500 mM CuSO 4 added), whereas only a marginal effect was observed for fragment I, where the amount of CopT-bound probe only dropped from 59 to 45 % upon addition of 500 mM CuSO 4 (Fig. 7b, left panel) . It is concluded that CopT displays differential binding affinity to the sites on fragments I and III.
DISCUSSION
A copper resistance gene cluster in S. solfataricus
The present study describes the molecular characterization of a copper resistance gene cluster and its transcriptional regulator in the crenarchaeon S. solfataricus. This cop gene cluster is conserved in several archaeal genomes and encodes a putative metallochaperone (copM), a P-type cationtransporting ATPase (copA) and an archaea-specific transcriptional regulator (copT) (Fig. 1) . When S. solfataricus is challenged by the addition of various metals, we have shown that the polycistronic copMA transcript is found to accumulate in response to growth-inhibiting copper and, to some extent, cadmium concentrations, whereas copT transcript abundance appeared to be constitutive. Increased levels of copMA expression will result in increased levels of CopA and CopM protein. Whereas CopA is most probably involved in copper efflux, as has been shown for its orthologue CopB in Archaeoglobus fulgidus (AF0474) (Mana-Capelli et al., 2003) , the role of CopM remains to be established. Similarly to heavy-metal-associated domain (HMA)-type metallochaperones, CopM might play a role (i) in metallotrafficking-like functions (Hung et al., 1998; Multhaup et al., 2001; Tottey et al., 2002) , (ii) in regulation of CopA activity (Hamza et al., 1999; Walker et al., 2002) , or (iii) in modulation of transcriptional regulation (Cobine et al., 1999 (Cobine et al., , 2002a .
The findings described above closely resemble the results recently published by Bond and co-workers, describing a molecular/proteomic study of proteins involved in copper resistance in the extreme acidophilic archaeon 'F. acidarmanus' Fer1 (Baker-Austin et al., 2005) . They reported that the copM and copA genes (which are referred to in their manuscript as copZ and copB, respectively) in this organism are transcribed as a polycistronic messenger and are induced in response to high copper levels. Interestingly, the proteomic analysis of copper-induced 'F. acidarmanus' Fer1 cells revealed an accumulation of proteins involved in protein folding (thermosome subunits, molecular chaperones) and DNA repair. Most probably, this reflects a response to copper-mediated protein misfolding, and/or to free-radical formation (Baker-Austin et al., 2005) .
CopT, a copper-responsive transcription regulator of the cop gene cluster
The putative transcriptional regulator CopT of S. solfataricus was successfully overexpressed in E. coli and purified to homogeneity. Subsequent DNA-binding studies revealed that CopT bound to multiple sites on the copMA promoter in vitro, and this interaction is specifically modulated upon the addition of copper. Coordinated binding of Cu 2+ ions by the C-terminal TRASH domain of CopT is expected to result in an allosteric change in structural conformation, most likely resulting in a reduced DNA-binding affinity, and perhaps in a different multimeric state. Unfortunately, the creation of site-directed CopT mutant proteins containing single Cys-Ser mutations for each of the invariant cysteine residues was hampered due to the formation of insoluble protein aggregates (T. J. G. Ettema & J. Van der Oost, unpublished results) . This reduced the possibility of specifically studying the copper-dependence of DNA-binding by CopT and indicates that, besides playing an important role in selective binding of metal ions, these residues are strongly involved in maintaining the stability of the protein.
The results shown in this study are indicative of a copperresponsive transcriptional mechanism in which expression of the copMA messenger is stimulated via transcriptional derepression. This mechanism, which has been demonstrated for several archaeal transcription regulators, is characterized either by prevention of recruitment of the basal transcription factors TBP and TFB, or RNA polymerase, or by acting as a transcriptional roadblock, preventing transcription elongation by the RNA polymerase (Bell, 2005 , and references therein).
MDR1 from A. fulgidus is the archaeal regulator for which the molecular mechanism of transcription regulation is understood in most detail (Bell et al., 1999a) . This transcriptional repressor has been shown to recognize three operator sites on a promoter of a metal ABC transporter gene cluster in the presence of various metals in vitro and in vivo. Transcriptional repression was found to occur via impaired recruitment of RNA polymerase, while TFB and TBP were allowed to bind to their target sequences, governing a rapid transcriptional response after metal exposure (Bell et al., 1999b) . Interestingly, CopT binds to sites both up-and downstream of the predicted TATA-BRE box For fragment P copMA -II, the assay containing 100 mM CuSO 4 was not performed.
( Fig. 6a-c) , which is a peculiarity compared to archaeal transcriptional regulators acting as derepressors.
Based on the differential copper-induced binding affinity towards the binding sites upstream (fragment I) and downstream (fragment III) (Fig. 7) , it is tempting to speculate that the latter binding sites are mainly involved in transcriptional repression, which is released upon the response to copper. Because CopT binding to the region upstream of the TATA-BRE fragment (fragment I) is less affected by exposure to copper, binding of CopT in this region may be constitutive in vivo, where it could enforce a stimulatory affect on transcription, possibly by interacting with basal transcription factors like TFB and TBP. However, the exact mechanism of CopT-mediated transcriptional regulation of copMA remains to be elucidated by future experiments.
Finally, it will be a major challenge to study the roles of the individual proteins encoded by the archaeal cop clusters, as well as their interactions, to elucidate the mechanism that governs TRASH-domain-mediated copper resistance in the archaea.
